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ER Stress Regulation of ATF6 Localization
by Dissociation of BiP/GRP78 Binding
and Unmasking of Golgi Localization Signals
(Ma and Hendershot, 2001; Mori, 2000; Patil and Walter,
2001).
Translational attenuation is mediated by an ER trans-
membrane eIF2 protein kinase, PERK (Harding et al.,
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the UPR in Saccharomyces cerevisiae and found to reg-
ulate the Hac1p transcription factor by the nonconven-
tional splicing of its mRNA (Chapman et al., 1998). Re-
Summary cently, the transcription factor XBP1 was identified as
a mammalian target of IRE1 splicing, although genes
ATF6 is an endoplasmic reticulum (ER) stress-regu- regulated by ER stress through XBP1 have not been
lated transmembrane transcription factor that acti- determined (Calfon et al., 2002; Lee et al., 2002; Yoshida
vates the transcription of ER molecular chaperones. et al., 2001). The mechanism of PERK and IRE1 activa-
Upon ER stress, ATF6 translocates from the ER to the tion by ER stress appears to involve the binding of BiP
Golgi where it is processed to its active form. We have to their luminal domains (Bertolotti et al., 2000; Ma et
found that the ER chaperone BiP/GRP78 binds ATF6 al., 2002). This inhibits PERK and IRE1 signaling by main-
and dissociates in response to ER stress. Loss of BiP taining them in their monomeric states. ER stress then
binding correlates with the translocation of ATF6 to causes the dissociation of BiP, allowing the oligomeriza-
the Golgi, which was slowed in cells overexpressing tion and activation of IRE1 and PERK.
BiP. Two Golgi localization signals (GLSs) were identi- A major mediator of transcriptional induction by ER
fied in ATF6. Removal of BiP binding sites from ATF6, stress is the bZIP transcription factor ATF6. It was identi-
while retaining a GLS, resulted in its constitutive trans- fied in a screen for transcription factors that bind to the
location to the Golgi. These results suggest that BiP ER stress response element (ERSE) in the promoters of
retains ATF6 in the ER by inhibiting its GLSs and that ER stress target genes such as BiP and GRP94 (Yoshida
dissociation of BiP during ER stress allows ATF6 to et al., 1998). ATF6 binds to the bipartite ERSE, CCAATN9
be transported to the Golgi. CCACG, only in the presence of the CCAAT box binding
factor NF-Y/CBF (Yoshida et al., 2000). ATF6 is a type
II ER transmembrane protein with its NH2-terminal DNAIntroduction binding domain facing the cytosol and its COOH termi-
nus in the ER lumen (Haze et al., 1999). In response to
In eukaryotic cells, the endoplasmic reticulum (ER) is ER stress, ATF6 translocates from the ER to the Golgi
the organelle for the folding and processing of proteins where it is first cleaved by site-1 protease (S1P) in its
destined for secretion, the plasma membrane, or secre- luminal domain, separating ATF6 into two halves. The
tory organelles. These proteins are translocated into the NH2-terminal half remains anchored to the membrane
ER lumen where they are modified and oligomerize to and is subsequently cleaved by site-2 protease (S2P).
acquire their correct folding structure (Ellgaard et al., The cytosolic domain of ATF6 is then liberated from the
1999). The cell has developed signaling pathways to membrane and translocates to the nucleus to activate
monitor the folding environment of the ER and adjust ER stress target genes (Chen et al., 2002; Ye et al., 2000).
the ER folding capacity according to need. When un- In a mutant CHO cell line lacking S2P, ATF6 failed to be
folded or misfolded proteins accumulate in the ER, sig- processed to its active form and BiP induction by ER
nals are transmitted from the ER to the nucleus and stress was completely abolished (Ye et al., 2000). In
cytoplasm. These pathways are termed the ER stress addition, dominant-negative ATF6 mutants blocked ER
or unfolded protein response (UPR). This response con- stress induction, supporting the essential role of ATF6
tains at least three components: (1) transcriptional in- in the mammalian ER stress response (Wang et al., 2000;
duction of ER chaperones and folding enzymes, such Yoshida et al., 2000).
as BiP/GRP78, GRP94, and protein disulfide isomerase, The proteolytic processing of ATF6 to its active form
(2) translational attenuation to prevent the further load- by ER stress represents a novel mechanism for tran-
ing of proteins into the ER, and (3) ER-associated degra- scription factor regulation termed regulated intramem-
dation (ERAD) to clear misfolded proteins out of the ER brane proteolysis (RIP) based on the cleavage by S2P
in or near the transmembrane domain (Brown et al.,
2000). Sterol regulatory element binding proteins4 Correspondence: mrp6@columbia.edu
(SREBPs) are the only family of transcription factors5 Present address: Vollum Institute, 3181 Sam Jackson Park Road,
Portland, Oregon 98701. under RIP regulation that have been well characterized
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(Brown and Goldstein, 1999). SREBPs are ER transmem- labeled the cells with [35S]methionine/cysteine, and
brane proteins whose cytosolic transcription factor do- tested for proteins that coimmunoprecipitated with
mains are liberated from the membrane when cells are ATF6 using anti-FLAG antibodies (Figure 1C). The only
deprived of sterols, thereby activating genes controlling protein found to be associated with full-length ATF6 was
cholesterol synthesis and uptake. The COOH termini of a protein migrating with a relative molecular mass of 80
SREBPs interact with SREBP cleavage-activating pro- kDa. This 80 kDa protein was also present in immunopre-
tein (SCAP), an ER resident protein with multiple mem- cipitates of cells transfected with variants that translo-
brane-spanning domains. When cells are deprived of cated to the Golgi, ATF6(1–475) and LZIP-ATF6(LD2),
sterols, SCAP escorts SREBPs from the ER to the Golgi but absent from ATF6(1–430) and LZIP(1–280) transfec-
where SREBPs are processed to their active forms by tants, variants which did not move to the Golgi (Figure
S1P and S2P, the same proteases that cleave ATF6 1C, lanes 1–6). The 80 kDa protein was similar in size
(DeBose-Boyd et al., 1999; Nohturfft et al., 2000). SCAP, to the ER chaperone BiP, whose transcription is acti-
however, is not required for ATF6 activation (Ye et al., vated by ATF6 and which is involved in the regulation
2000). of PERK and IRE1 activation (Bertolotti et al., 2000).
Since the proteases that cleave ATF6, S1P and S2P, We addressed this initially with an anti-KDEL antibody,
are located in the Golgi, a key step for ATF6 activation which recognizes the COOH-terminal Lys-Asp-Glu-Leu
is its translocation from the ER to the Golgi; however, (KDEL) ER retrieval sequence and preferentially detects
little is known about how this process is regulated by the ER chaperones BiP and GRP94 in HeLa cells (Figure
ER stress. ATF6 activation seems independent of IRE1, 1C, lane 7). BiP immunoprecipitated by anti-KDEL pre-
since its cleavage and the induction of BiP mRNA were cisely comigrated with the 80 kDa protein (Figure 1C,
unaffected in IRE1 null cells (Lee et al., 2002). We have compare lane 7 to lanes 2, 4, and 6). The binding of BiP
previously shown that the luminal domain of ATF6 is to its substrates can be disrupted by incubation in vitro
necessary and sufficient for its activation by ER stress, with ATP (Wei and Hendershot, 1995), and we found
suggesting that this domain senses the ER stress signal that incubation with ATP dissociated the 80 kDa protein
in the ER (Chen et al., 2002). Here we present evidence from ATF6, further suggesting that it is BiP (Figure 1C,
that BiP is directly involved in the regulation of ATF6
compare lanes 2 and 8). We directly tested for the ATF6-
activation by binding to its luminal domain and inhibiting
BiP interaction in transfected HeLa cells by immunoblot-
its Golgi localization signals (GLSs). Loss of BiP binding
ting the anti-FLAG immunoprecipitates with monoclonal
during ER stress relieves the inhibition, allowing ATF6
anti-BiP antibodies. BiP was found to be associatedto be transported to the Golgi. Our findings support an
with full-length ATF6, ATF6(1–475), and LZIP-ATF6(LD2),autoregulatory model by which ER chaperones control
but not with ATF6(1–430) or LZIP(1–280) (Figure 1D, top).their own expression.
The expression levels of the variants were detected by
immunoblotting with anti-FLAG antibodies and could
Results
not account for the differences in BiP interaction (Figure
1D, bottom).
Identification of BiP as an ATF6-Interacting
BiP is known to be transiently associated with nascentProtein
or immature proteins in the ER (Ellgaard et al., 1999).Since both ATF6 and SREBPs are regulated by translo-
However, ATF6 did not coimmunoprecipitate with othercation from the ER to the Golgi and utilize the same
ER chaperones such as GRP94 or calnexin (Figure 1Cproteases, we reasoned that there might be a SCAP-
and data not shown), suggesting that the BiP-ATF6 inter-like molecular escort transporting ATF6 to the Golgi in
action is specific and is not a result of the binding ofresponse to ER stress. We sought to identify a SCAP-
chaperones to immature proteins. To preclude the pos-like protein by mapping regions in ATF6 required for
sibility that BiP association is a consequence of proteintranslocation and then identifying factor(s) bound to this
overexpression, we used the highly sensitive 3xFLAGregion. For convenience, we divided the luminal domain
tag in our experiments and the expression levels of theof ATF6 into four segments, designated luminal domain
3xFLAG-tagged proteins were kept very low. In fact,1 (LD1), 2, 3, and 4 (Figure 1A). We found that the LD2
3xFLAG-ATF6 exhibited no basal activation in un-region of ATF6 (residues 431–475) was required for the
stressed cells as observed in other labs (Ye et al., 2000;translocation to the Golgi in response to ER stress in-
Yoshida et al., 1998), and therefore is under tight regula-duced by dithiothreitol (DTT), a protein disulfide bond
tion (Figure 2D and our unpublished results). In addition,reducing agent and strong inducer of ER stress. ATF6(1–
we examined the ability of ATF6 to associate with BiP475) translocated to the Golgi upon ER stress while
in an NIH3T3 cell line stably expressing moderate levelsATF6(1–430), which lacks the LD2 region, did not (Figure
of HA-tagged ATF6. The activation of ATF6 was tightly1B). In addition, the 45-residue LD2 region was sufficient
controlled in this cell line (Chen et al., 2002). Anti-HAto mediate the ER stress-dependent translocation when
antibodies coimmunoprecipitated BiP from the HA-fused to another ER transmembrane transcription fac-
ATF6-expressing cell line and the interaction was dis-tor, LZIP, which is otherwise insensitive to ER stress
rupted by ATP incubation (Figure 1E, left). Reciprocally,(Figure 1B). These results suggest that a molecular es-
anti-BiP antibodies coimmunoprecipitated HA-ATF6cort might be associated with ATF6 through the LD2
from the same cells (Figure 1E, right). These resultsregion.
suggest that the observed interaction between ATF6To identify such a regulator, we transiently expressed
the 3xFLAG-tagged proteins in HeLa cells, metabolically and BiP is not due to the overexpression of ATF6.
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Figure 1. Association of BiP with ATF6
(A) Diagram of constructs encoding ATF6, LZIP, and their derivatives. Each protein is NH2-terminally tagged with 3xFLAG. The transcriptional
activation (TAD), basic leucine zipper (bZIP), and transmembrane (TM) domains are indicated. The luminal domain is subdivided into four
regions (LD1–4) for convenience.
(B) Indirect immunofluorescence with anti-FLAG antibodies showing the cellular localization of ATF6, LZIP, and their derivatives. HeLa cells
transiently expressing 3xFLAG-tagged proteins were treated with or without DTT for 30 min prior to fixing the cells. The images shown are
representative of greater than 90% of the observed transfected cells.
(C) Autoradiograph of immunoprecipitates from [35S]methionine/cysteine-labeled HeLa cells. Cells transfected with the indicated constructs
were labeled with [35S]methionine/cysteine and immunoprecipitated with either anti-FLAG antibodies (lanes 1–6 and 8) or anti-KDEL antibodies
(lane 7). The anti-FLAG immunoprecipitate was incubated with 2 mM ATP and 2 mM magnesium at 25C for 30 min (lane 8). The positions of
the 3xFLAG-tagged proteins are indicated along with the coprecipitating 80 kDa protein. The control lane represents untransfected cells.
(D) HeLa cells transiently transfected with the indicated constructs were immunoprecipitated with anti-FLAG antibodies and immunoblotted
with either anti-BiP (top) or anti-FLAG (bottom) antibodies.
(E) Association of BiP with ATF6 in an NIH3T3 cell line stably expressing HA-tagged ATF6. The presence of the BiP-ATF6 complex was
detected by immunoprecipitation with either anti-HA or anti-BiP antibodies followed by immunoblotting with anti-BiP or anti-HA, as indicated.
ATP incubation of the anti-HA immunoprecipitates was carried out as described above. The control indicates that an irrelevant mouse
monoclonal antibody (anti-HIV-1 tat) was used.
BiP Dissociates from ATF6 in Response the loss of BiP binding is due to S1P cleavage of the
ATF6 luminal domain. In response to ER stress,to ER Stress
Though isolated in a search for SCAP-like factors, BiP ATF6(S1P) translocates to the Golgi like wild-type ATF6
but is retained there because it is not cleaved (Chen etseems unlikely to be a positive transporter of ATF6,
since it was found to play a crucial role in ER quality al., 2002). DTT treatment of cells caused a rapid dissoci-
ation of BiP from ATF6(S1P), with near complete disso-control by preventing improperly folded or unassembled
proteins from exiting the ER (Ellgaard et al., 1999). BiP ciation occurring within 30 min (Figure 2A, top). DTT had
no effect on the levels of transfected ATF6 or endoge-has also been suggested to repress PERK and IRE1
activation by keeping them in their monomeric inactive nous BiP, as shown by immunoblots of ATF6 in the
immunoprecipitates, or of BiP in the whole-cell lysatesstates, and dissociation of BiP during ER stress corre-
lates with IRE1 and PERK activation (Bertolotti et al., (Figure 2A, middle and bottom). Thapsigargin (Tg), an-
other inducer of ER stress which affects ER calcium2000). Therefore, we considered the possibility that BiP
represses ATF6 activation. We examined the associa- homeostasis, also caused the rapid dissociation of BiP
from ATF6, suggesting that the dissociation is not spe-tion of BiP with ATF6 in cells treated with DTT. Here we
used full-length ATF6 bearing point mutations at its S1P cific to DTT treatment, but rather a general feature of
the ER stress response (Figure 2A, right). The kineticscleavage site, ATF6(S1P), to rule out the possibility that
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Figure 2. BiP Dissociates from ATF6 in Response to ER Stress
(A) The ATF6 S1P cleavage site mutant 3xFLAG-ATF6(S1P) was immunoprecipitated from transfected HeLa cells which were either untreated
() or treated with 5 mM DTT or 1 M thapsigargin (Tg) for the indicated times (min). BiP or ATF6 contents in the immunoprecipitates were
detected using anti-BiP or anti-FLAG antibodies as indicated. Total cellular BiP levels were detected by immunoblotting of whole-cell lysates
with anti-BiP antibodies.
(B) Dissociation of BiP from IRE1 and ATF6 variants. HeLa cells transfected with the indicated constructs were immunoprecipitated with
anti-FLAG antibodies and immunoblotted as indicated.
(C) Indirect immunofluorescence of wild-type 3xFLAG-ATF6 with anti-FLAG antibodies. The transfected HeLa cells were treated with DTT for
the indicated times (min). A Golgi pattern of localization was seen after 30 min (Chen et al., 2002).
(D) The proteolytic processing of wild-type 3xFLAG-ATF6 was detected by immunoblotting of whole-cell lysates of transfected HeLa cells
treated with DTT for the indicated times (min). Full-length (F), intermediate (I, S1P cleavage product), and mature (M, S2P cleavage product)
forms of ATF6 are indicated.
of BiP dissociation from ATF6 were similar to those of the LD2 region did (Figures 1A and 1D). We examined
the ability of BiP to associate with other regions of thethe dissociation of BiP from IRE1 (Figure 2B), implying
that the same mechanism may cause the dissociation in luminal domain of ATF6 by fusing these regions individu-
ally with LZIP and checking for BiP association with theboth cases. DTT treatment also caused BiP to dissociate
from ATF6(1–475) and LZIP-ATF6(LD2) (Figure 2B), both chimeric proteins (Figures 3A and 3B). BiP was found
to be associated with each of these three regions of theof which translocate to the Golgi upon ER stress
(Figure 1B). luminal domain, though the amount was much lower for
Close inspection of the kinetics of ATF6 activation LD4 than LD2 and LD3 (Figure 3B). Therefore, BiP binds
events reveals that the ER stress-induced dissociation to at least three distinct regions of the luminal domain of
of BiP from ATF6 precedes the translocation and proteo- ATF6. While it is possible that specific protein constructs
lytic processing of ATF6. While most of BiP dissociated bind BiP because they are misfolded, results with sev-
from ATF6 after 15 min of DTT treatment, only a small eral other ATF6 deletion mutants, such as431–475 and
fraction of ATF6 moved to the Golgi and no cleavage 1–475, which both bound BiP, and 1–430, which did not,
products were detected at this time point (Figures 2C also suggest that there are multiple BiP binding sites
and 2D). This is consistent with BiP dissociation from (data not shown).
ATF6 being a necessary step preceding translocation If ATF6 exists in a complex with BiP in unstressed
and cleavage. cells and dissociates upon ER stress, the prediction
is that ATF6 will shift to a smaller complex after DTT
treatment. We tested this by glycerol gradient sedimen-BiP Binds to Multiple Sites on ATF6
tation (Figure 3C). ATF6 exists as a homodimer due toThe binding of BiP to IRE1 and PERK has been sug-
its leucine zipper domain such that it should form agested to have a stoichiometry of 1:1, though there may
complex of about 180 kDa without other factors (X.C.be multiple BiP binding sites on each (Bertolotti et al.,
and R.P., unpublished results). When fractionated by2000). When expressed at similar levels, ATF6 immuno-
glycerol gradient sedimentation, ATF6 from unstressedprecipitated five to ten times more BiP than IRE1 (our
cell extracts appeared in fractions of very high molecularunpublished results). This may be due to a higher affinity
weight (estimated molecular mass  600 kDa). Treat-of ATF6 binding to BiP or to the presence of multiple
ment of cells with DTT resulted in a shift of the ATF6BiP binding sites on ATF6. As described above, the LD1
region of ATF6 (residues 400–430) did not bind BiP, while complex to fractions of lower molecular mass peaking
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Figure 3. ATF6 Contains Multiple BiP Bind-
ing Sites
(A) Diagram of constructs encoding LZIP-
ATF6 chimeras (numbered 1–4). These pro-
teins were NH2-terminally tagged with
3xFLAG.
(B) Immunoblots showing the association of
BiP with the LZIP-ATF6 chimeras. Immuno-
precipitates of HeLa cells transfected with the
above constructs (numbered at the top ac-
cording to the diagram in [A]) were probed
with anti-BiP (top) or anti-FLAG (bottom) anti-
bodies.
(C) Glycerol gradient sedimentation of ATF6
complexes. HeLa cells transiently expressing
3xFLAG-ATF6(S1P) were either untreated or
treated with 5 mM DTT for 30 min. Cell ex-
tracts were fractionated through a 20%–40%
glycerol gradient. The presence of ATF6 in
the fractions was detected by immunoblot-
ting using anti-FLAG antibodies.
at about 200 kDa (Figure 3C). We prepared the lysates 4D, bottom). These effects were quantitated in the trans-
fected cells by counting cells with an ATF6 localizationloaded on the glycerol gradient under the same condi-
tions as the metabolic labeling experiments, which re- pattern in the Golgi (Figure 4E).
We next studied the effect of BiP overexpression onvealed that there were only two components in the ATF6
complex, ATF6 and BiP (Figure 1C). This suggests that ATF6 cleavage, which more directly reflects ATF6 acti-
vation. Two cleavage bands of ATF6 were observedthe large size of the ATF6 complex in the glycerol gradi-
ent is due to the binding of BiP molecules. The dissocia- after 30 min of DTT treatment (Figure 4F, top). These
bands correspond to the S1P-cut membrane-associ-tion of BiP from ATF6 (Figure 2A) would explain the
DTT-induced decrease of the size of the ATF6 complex. ated intermediate form (I) and the S2P-cut mature form
(M) (Chen et al., 2002; Ye et al., 2000). OverexpressionHowever, it is possible that the oligomerization state of
ATF6 also changes in response to ER stress. These of wild-type BiP delayed the appearance and reduced
the amount of the cleavage products while the ATPaseresults further indicate that ATF6 is in an ATF6-BiP com-
plex in unstressed cells and that the complex is dis- mutant T37G completely blocked detectable cleavage
of ATF6 (Figure 4F). In contrast, overexpression ofrupted during ER stress.
GRP94, another ER chaperone which does not bind
ATF6 (Figure 1C and data not shown), had no obviousOverexpression of BiP Attenuates ATF6 Activation
If BiP is a repressor of ATF6, overexpression of BiP effect on ATF6 cleavage (Figures 4B and 4F). These
results demonstrate that BiP suppresses the transloca-would be expected to attenuate ATF6 activation. Over-
expression of BiP resulted in a 2.5- to 3-fold increase tion and cleavage of ATF6 and strongly suggest that
dissociation of BiP binding is required for ATF6 acti-in BiP protein levels (Figure 4A). We estimated from
immunofluorescence that the transfection efficiency vation.
was about 75%, so we calculated that BiP levels were
elevated an average of 4-fold in individual cells. In cells Golgi Localization Signals in the Luminal
Domain of ATF6overexpressing BiP, ATF6 was associated with a higher
amount of BiP and the dissociation of BiP from ATF6 We addressed the mechanism by which BiP regulates
the translocation of ATF6 to the Golgi by more preciselywas delayed by at least 15 min (Figure 4C). We also
overexpressed a BiP mutant (T37G) which bears a point identifying the domain(s) of ATF6 required for transloca-
tion. We tested a series of deletion mutants for DTT-mutation in its ATPase domain. This mutation blocks
both the ATPase activity and the ATP-induced confor- inducible translocation to the Golgi (Figures 5A and 5B).
We previously showed that ATF6(1–475) translocated tomational change required for the rapid dissociation of
BiP from its substrates (Gaut and Hendershot, 1993; the Golgi after DTT treatment (Figure 1B). Further dele-
tion to amino acid 467 abolished the translocation (Fig-Wei et al., 1995). BiP (T37G) was expressed at a similar
level as wild-type BiP (Figure 4A), but failed to dissociate ure 5B), suggesting that the octapeptide sequence
amino acids 468–475 is required for ER stress-inducedfrom ATF6 after DTT treatment of cells (Figure 4C).
Overexpression of both wild-type and mutant BiP had translocation. However, when this sequence was inter-
nally deleted from full-length ATF6, the translocationdramatic effects on ATF6 activation. We first examined
their effects on the translocation of ATF6 to the Golgi. and proteolytic processing of the mutant ATF6(468–
475) remained intact (Figures 5B and 5C). This impliedIn control cells, ATF6 started to move to the Golgi after
15 min of DTT treatment and was almost completely that a second region of ATF6 could compensate for
the loss of the octapeptide sequence. Indeed, internaltranslocated by 30 min (Figure 4D, top). Overexpression
of wild-type BiP delayed the translocation by 15–30 min deletion of an additional 25 residues, in ATF6(468–500),
abolished translocation and cleavage of ATF6 (Figures(Figure 4D, middle), while the BiP ATPase mutant T37G
almost completely abolished the translocation (Figure 5B and 5C). However, when the COOH-terminal part of
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Figure 4. Overexpression of BiP Attenuates ATF6 Activation
Plasmids encoding either the S1P cleavage site mutant 3xFLAG-ATF6(S1P) (A–E) or wild-type 3xFLAG-ATF6 (F) were cotransfected into
HeLa cells with empty pcDNA3 vector (control) or vectors encoding wild-type BiP, BiP T37G (an ATPase domain mutant), or GRP94.
(A) Lysates from control cells or cells overexpressing BiP were resolved on SDS-PAGE and immunoblotted with anti-BiP antibodies.
(B) GRP94 levels in control cells and cells overexpressing GRP94 were detected in immunoblots with anti-KDEL antibodies.
(C) The association of BiP with ATF6 in control or BiP-overexpressing cells was assayed by immunoprecipitation with anti-FLAG antibodies
and immunoblotting with anti-BiP or anti-FLAG antibodies as in Figure 2A. Cells were treated with 5 mM DTT for the indicated times (min)
prior to lysis.
(D) Indirect immunofluorescence of 3xFLAG-ATF6(S1P) with anti-FLAG antibodies in control cells or cells overexpressing wild-type BiP or
BiP T37G. The cells were treated with DTT for the indicated times (min).
(E) Quantification of data in (D). The percentage of transfected cells with an ATF6 Golgi localization pattern was calculated by counting cells
exhibiting clear Golgi localization rather than ER localization at each time point.
(F) Immunoblots with anti-FLAG antibodies showing the proteolytic processing of 3xFLAG-ATF6 after DTT treatment in control cells or cells
overexpressing BiP, BiP T37G, or GRP94. The regions of the blots containing full-length (F) or mature (M) forms of ATF6 are shown.
this region (residues 476–500) was internally deleted accessible in this context or that additional sequences
are required. Previously, we found that the LD2 regionfrom full-length ATF6, the resulting mutant ATF6(476–
500) was still activated by ER stress (Figures 5B and (residues 431–475) was sufficient for the inducible trans-
location to the Golgi (Figure 1B), and we therefore refer5C). These results suggest that there are two regions
required for translocation to the Golgi, amino acids 468– to the first Golgi localization signal (GLS1) as being in
the region of amino acids 431–475. The second Golgi475 and 476–500, and demonstrate the existence of two
positively acting Golgi localization signals (GLSs). It is localization signal (GLS2) requires amino acids 476–500,
and this sequence is also sufficient for Golgi localizationinteresting to note that these two regions are conserved
between ATF6 and a related protein, CREB-RP/ATF6, as described in the next section. It is possible that the
GLSs provide targeting sequences to the Golgi and/orfurther suggesting their functional significance (Chen et
al., 2002; Haze et al., 2001). that they are involved in sensing an ER stress signal
required for induction of translocation. We testedThe octapeptide amino acids 468–475 caused only
weak translocation when fused to LZIP or ATF6(1–430) whether they are required for BiP binding and dissocia-
tion and found that they were not required for either. A(data not shown), suggesting either that it is not readily
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Figure 5. Two Independent Positive Golgi Localization Signals (GLSs) in the Luminal Domain of ATF6
(A) Diagram of constructs encoding ATF6 and its derivatives. These proteins are NH2-terminally tagged with 3xFLAG.
(B) Indirect immunofluorescence of the above proteins with anti-FLAG antibodies in HeLa cells either untreated or treated with DTT for 30
min.
(C) Immunoblot with anti-FLAG antibodies of lysates of HeLa cells transfected with the indicated constructs. The cells were either untreated
or treated with DTT for 30 min. The position of the cleaved mature form of ATF6 (M) is indicated.
(D) Binding and dissociation of BiP from 3xFLAG-ATF6(468–500) was assayed as in Figure 2A.
mutant lacking the GLSs, ATF6(468–500), bound and and was inducibly activated by DTT (Figures 6C and
6D). The translocation to the Golgi was similar to ATF6(1–dissociated from BiP like wild-type ATF6 (Figure 5D).
This mutant did not translocate to the Golgi even though 500); however, the amount of ATF6 cleavage was lower
for this mutant. This may be due to partial misfoldingit does not bind BiP in DTT-treated cells (Figures 5B
and 5D). Similarly, ATF6(1–430), which does not bind of the protein made by this construct which affects S1P
cleavage. Further deletion to remove all of the GLS1/BiP even in unstressed cells, also did not translocate
to the Golgi (Figure 1). These results suggest that loss LD2 sequence from ATF6(1–500), while retaining GLS2,
completely abolished BiP binding (Figure 6B, lane 6).of BiP binding per se is not sufficient to induce transloca-
tion to the Golgi, but that the presence of positive signals The resulting mutant ATF6(1–500431–475) was consti-
tutively processed to the mature form even in unstressed(GLSs) is also required for transport.
cells, and the amount of mature form generated was
not further increased by DTT (Figure 6D). We thereforeSeparation of BiP Binding from a GLS Results
in Constitutive Activation of ATF6 refer to this mutant as ATF6 constitutively active mutant
(ATF6-CAM). Next, we addressed the possibility that theUnassembled immunoglobulin (Ig) heavy chains are re-
tained in the ER by BiP and deletion of their BiP binding constitutive processing of ATF6-CAM was due to its
movement to the Golgi in unstressed cells. We foundsites allows them to be secreted (Hendershot et al.,
1987). Similarly, if BiP represses ATF6 activation by in- that ATF6-CAM was distributed throughout the cell,
markedly distinct from the ER localization of wild-typehibiting the GLSs and retaining ATF6 in the ER, selective
deletion of BiP binding sites from ATF6 would be ex- ATF6 (Figure 6C). The localization pattern of ATF6-CAM
could be due to the partial cleavage of ATF6-CAM atpected to result in its constitutive translocation and acti-
vation. We tested this by progressively removing all BiP S1P and S2P sites in the Golgi, allowing for the nuclear
localization of the mature form of ATF6. This partialbinding sites from ATF6 while retaining a GLS (Figure
6A). We assayed for BiP association with ATF6 mutants cleavage was seen by immunoblotting in Figure 6D. Un-
digested ATF6-CAM would account for the nonnuclearby coimmunoprecipitation (Figure 6B) and controlled for
ATF6 mutant protein expression by immunoblotting of staining of ATF6-CAM if it had not yet translocated to
the Golgi. To confirm that ATF6-CAM partially translo-transfected cell lysates (data not shown and Figure 6D).
We found that COOH-terminal deletion to amino acid cated to the Golgi, we mutated its S1P cleavage site to
block proteolytic processing. This mutant, ATF6-500 had no obvious effect on BiP binding or ATF6 trans-
location or cleavage, suggesting that the COOH termi- CAM(S1P), was predominantly localized to the Golgi
in both untreated and DTT-treated cells (Figure 6C). Thisnus is dispensable for ATF6 activation (Figures 6B–6D).
This mutant, ATF6(1–500), contains both GLSs. Addi- shows that GLS2 (residues 476–500) is sufficient to tar-
get the ER-localized protein ATF6(1–430) to the Golgi.tional deletion of most of the GLS1/LD2 region (431–
467) from ATF6(1–500), however, caused a strong de- More importantly, comparison of ATF6-CAM to ATF6(1–
500431–467) suggests that deletion of the last BiPcrease of BiP binding, although a low level of binding
was clearly maintained (Figure 6B, lane 5). The resulting binding site (Figure 6B, compare lanes 5 and 6), while
retaining GLS2, results in constitutive translocation ofmutant ATF6(1–500431–467) also localized to the ER
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Figure 6. Deletion of BiP Binding Sites from ATF6 Results in Its Constitutive Golgi Localization
(A) Diagram of constructs encoding ATF6 and its derivatives with 3xFLAG tags at their NH2 termini.
(B) The association of BiP with the indicated 3xFLAG-tagged proteins was assayed as in Figure 1D.
(C) Indirect immunofluorescence with anti-FLAG antibodies of HeLa cells transfected with the indicated constructs and treated with or with-
out DTT.
(D) Expression and cleavage of the indicated proteins in cells treated with or without DTT were assayed by immunoblotting with anti-FLAG
antibodies. The cleaved mature form of ATF6 (M) is indicated.
ATF6 to the Golgi. These findings support a model migration on SDS-PAGE (Figure 7A, lanes 1 and 2; Haze
et al., 1999). Endo H removes simple, high-mannosewhereby BiP retains ATF6 in the ER by inhibiting the
activity of the GLSs. N-linked oligosaccharides characteristic of ER localiza-
tion but cannot remove N-linked glycans once they have
been processed in the Golgi (Maley et al., 1989). TheATF6 Is Retained in the ER by a Retention
Rather Than Retrieval Mechanism sensitivity of ATF6 to endo H suggests that ATF6 has not
reached the Golgi. Peptide-N-glycosidase F (PNGase F),Last, we investigated the mechanism by which BiP re-
tains ATF6 in the ER in unstressed cells. One possibility which digests N-linked oligosaccharides regardless of
their state of processing (Maley et al., 1989), had theis that ATF6 is excluded from the ER-to-Golgi transport
machinery, a retention mechanism. Alternatively, it is same effect as endo H, suggesting that all the oligosac-
charides of ATF6 are endo H sensitive (Figure 7A, laneconceivable that ATF6 exits the ER but is continuously
retrieved from the ER:Golgi intermediate compartments 3). After DTT treatment, we observed a more slowly
migrating ATF6 band (Figure 7A, lane 5, band 1). This(ERGIC) and cis-Golgi back to the ER (Nilsson and War-
ren, 1994). We distinguished these two mechanisms by band was not affected by endo H digestion while the
main ATF6 band remained sensitive (Figure 7A, lane 6).selectively blocking Golgi-to-ER retrograde transport
using bafilomycin A1 (Baf A1), a vacuolar H-ATPase PNGase F, however, only partially increased the migra-
tion of band 1 (Figure 7A, lane 7, band 2), suggestinginhibitor (Palokangas et al., 1998). If ATF6 is recycling
between the ER and post-ER compartments, inhibition that there was an additional modification. We tested
whether this modification is O-linked glycosylationof retrograde trafficking by Baf A1 should cause it to
accumulate in the Golgi. In contrast, if ATF6 remains in which only occurs in the Golgi (Hanisch, 2001). We fur-
ther digested with O-glycosidase and neuraminidasethe ER via a retention mechanism, Baf A1 should have
no effect on its localization (Palokangas et al., 1998; which together remove O-linked oligosaccharides (Lee et
al., 2001). This resulted in loss of the PNGase F-resistantYamamoto et al., 2001). Here we used three methods
to detect the accumulation of ATF6 in the Golgi: Golgi- band 2, implying that ATF6 becomes O-glycosylated in
the Golgi after DTT treatment (Figure 7A, lane 8). Thesespecific glycosylation modifications, Golgi localization
of ATF6 by immunofluorescence, and proteolytic pro- results suggest that after DTT-induced translocation to
the Golgi, ATF6 acquires further processing of its N-linkedcessing of ATF6 by Golgi-localized proteases.
We first examined the glycosylation pattern of ATF6 glycans, which renders it resistant to endo H digestion
as well as O-glycosylation. Both modifications arefor Golgi-specific modifications. We used the S1P cleav-
age site mutant ATF6(S1P) so that we would not lose known to occur predominantly in the Golgi compartment
(Hanisch, 2001; Maley et al., 1989). Treatment of un-the signal from cleaved ATF6 products. ATF6 isolated
from unstressed cells was entirely sensitive to endogly- stressed cells with Baf A1, however, had no effect on
the mobility or endo H sensitivity of ATF6 (Figure 7A,cosidase H (endo H) digestion as indicated by its faster
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Figure 7. ATF6 Is Retained in the ER through
a Mechanism of Retention Rather Than Re-
trieval
(A) HeLa cells expressing 3xFLAG-
ATF6(S1P) were either untreated or treated
with 5 mM DTT for 1 hr or 1 M bafilomycin
A1 (Baf A1) for 6 hr as indicated. The cells
were then lysed and digested with the indi-
cated glycosidases. N-linked sugar chains
were removed by endoglycosidase H (endo
H) or peptide-N-glycosidase F (PNGase F),
while O-glycosidase and neuraminidase were
used to remove O-linked sugar chains. Full-
length ATF6 was detected by immunoblotting
with anti-FLAG antibodies. The slower mi-
grating glycosylated and faster migrating de-
glycosylated forms of ATF6 are indicated to
the left. Band 1 indicates proteins which have
received Golgi modifications and are resis-
tant to endo H digestion. Band 2 is the band
that remains after PNGase F digestion. (B)
Indirect immunofluorescence of 3xFLAG-
ATF6(S1P) with anti-FLAG antibodies in
transfected cells either untreated (UT) or
treated with DTT or Baf A1.
(C) Indirect immunofluorescence of HA-
tagged site-2 protease (S2P) with anti-HA an-
tibodies in transfected cells either untreated (UT) or treated with brefeldin A (BFA, 40 min) or a combination of BFA and Baf A1.
(D) Effect of Baf A1 on ATF6 cleavage. HeLa cells transfected with 3xFLAG-ATF6 were either untreated (UT) or treated with DTT or Baf A1.
Lysates were immunoblotted with anti-FLAG antibodies. The positions of full-length (F), intermediate (I), and mature (M) forms of ATF6 are
indicated.
lanes 9–11), suggesting that ATF6 does not cycle Discussion
through the Golgi. In contrast, unassembled T cell anti-
gen receptor  chain (TCR), which is retained in the Model for ATF6 Regulation by BiP
A detailed mechanism for ATF6 activation by ER stressER through retrieval, becomes resistant to endo H when
treated with Baf A1 (Yamamoto et al., 2001). is beginning to be elucidated. Our finding that the activa-
tion of ATF6 is repressed by its own target gene productNext, we used immunofluorescence to test the effect
of Baf A1 on ATF6(S1P) localization. Baf A1 did not BiP suggests a mechanism for ATF6 to sense ER stress
and reveals an autoregulatory mechanism for ER chap-cause a significant accumulation of ATF6 in the Golgi
(Figure 7B), which would be observed if a protein were erone regulation. In the absence of ER stress, BiP se-
questers ATF6 in the ER-localized inactive state by in-cycling between the ER and Golgi compartments (Yama-
moto et al., 2001). Finally, Baf A1 treatment did not result hibiting its GLSs such that the transcription of ER
chaperones is kept low. When misfolded proteins accu-in detectable cleavage products of ATF6, which would
be expected to occur if ATF6 were exposed to the Golgi- mulate in the ER, BiP binds to such proteins, protecting
them from aggregation and assisting their folding. Ourlocalized proteases S1P and S2P (Figure 7D). We con-
trolled for the activity of Baf A1 using HA-tagged S2P. results support a model whereby this frees ATF6 from
BiP binding and exposes its GLSs. Subsequently, ATF6We found that S2P localized to the Golgi (Figure 7C)
and that it colocalized with a Golgi marker protein -1,4- is recognized by the ER-to-Golgi export machinery and
is transported to the Golgi to be processed to its activegalactosyltransferase (data not shown). Brefeldin A
(BFA) causes the redistribution of Golgi proteins to the form by S1P and S2P. Activated ATF6 increases ER
chaperone expression to combat ER stress. When theER, and this relocation process can be blocked by the
retrograde transport inhibitor Baf A1 (Palokangas et al., misfolded proteins subside and ER stress is relieved,
the sequestration of newly synthesized ATF6 in the BiP-1998). We similarly found that BFA caused S2P to relo-
cate to the ER and that this process was blocked by Baf bound inactive state is resumed and ER chaperone tran-
scription decreases.A1 (Figure 7C), demonstrating that retrograde transport
was effectively inhibited by Baf A1 in our system. This model is supported by our results showing that:
(1) BiP binds to ATF6 and dissociates in response to ERThese results indicate that blocking retrograde trans-
port does not affect the cellular localization of ATF6 and stress, (2) overexpression of BiP delays ATF6 transloca-
tion, and a BiP ATPase mutant, which failed to dissociatesuggest that in unstressed cells, ATF6 is not retained
in the ER through a retrieval mechanism. Rather, ATF6 from ATF6, completely blocks ATF6 activation, and (3)
mapping of BiP binding sites and GLSs in ATF6 suggestsappears to be retained in the ER by exclusion from ER-
to-Golgi transport and only moves to the Golgi after ER that BiP binding is inhibiting the GLSs. In particular, a
mutant that separated one GLS from BiP binding sitesstress. We cannot rule out, however, that ATF6 recycles
through ER-Golgi intermediate compartments without translocated constitutively to the Golgi. Two GLSs were
identified in the luminal domain of ATF6, each of whichentering the Golgi.
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could independently target ATF6 to the Golgi in re- by autoregulatory mechanisms, but that the mecha-
nisms by which this is achieved can be quite different.sponse to ER stress. BiP binding to ATF6 inhibited the
action of these signals though, in the absence of the Interestingly, an autoregulatory mechanism seems to
apply to chaperone regulation in prokaryotic cells aspositive GLSs, loss of BiP binding was not sufficient to
allow translocation to the Golgi. The inhibition of the well. In E. coli, 	32, a transcription factor that specifically
regulates bacterial HSP transcription, is regulated byGLSs by BiP could be due to the masking of the GLSs
by steric interference such that the GLSs become inac- DnaK, a prokaryotic homolog of mammalian HSP70 (Lib-
erek et al., 1992). These similarities suggest that notcessible to the ER export machinery. This is supported
by the finding that BiP binding sites overlap with or are only is the heat shock response conserved in all organ-
isms, but that the autoregulatory mechanism for chaper-close to the two GLSs. Alternatively, BiP binding could
cause a conformational change of the GLSs such that one expression is also conserved throughout evolution.
they are not recognized by the export machinery. A
further possibility is that BiP anchors ATF6 in the ER Transport of ATF6 to the Golgi
such that its effect is dominant to that of the GLSs. It An important question is how the GLSs of ATF6 are
should be noted that GLS2, which does not bind BiP, recognized by the ER export machinery. ER-to-Golgi
remains inactive in the context of full-length ATF6, pre- transport is mediated by anterograde trafficking vesicles
sumably due to BiP binding to adjacent sites. In contrast, which are generated by the assembly of the COPII cyto-
GLS1 overlaps BiP binding sites and we were not able solic coat protein complex at the ER exit sites (Kaiser
to separate them. The ER stress-induced release of BiP and Ferro-Novick, 1998). Our results suggest that ATF6
from ATF6 could be caused by the accumulation of is not retained in the ER via a recycling mechanism such
misfolded ER proteins that compete with ATF6 for bind- that changes in the recycling process cannot explain
ing to free BiP molecules. Alternatively, ER stress could its translocation. Rather, our findings indicate that in
lead to modifications of ATF6 or BiP, causing the disrup- unstressed cells, the retention of ATF6 in the ER is a
tion of their interaction. Characterization of the ATF6 result of a failure to be recognized by the ER export
binding domain of BiP and further analysis of the regula- machinery due to the inhibition of its GLSs by BiP bind-
tion of ATF6-BiP binding will help to distinguish these ing. Further understanding of ATF6 translocation will
mechanisms of BiP release. require the identification of factors that link its luminal
GLSs to ER-to-Golgi export, presumably via COPII ves-
icles.Chaperones Are Common Sensors
of Misfolded Proteins
BiP appears to be the master regulator of the ER stress Multiple Transcriptional Induction Pathways
Activated by ER Stressresponse. Besides ATF6, BiP has been suggested to
regulate the activation of IRE1 and PERK, two other In the budding yeast Saccharomyces cerevisiae, Hac1p
is the only transcription factor known to be responsibleproximal transducers of ER stress (Bertolotti et al., 2000;
Ma et al., 2002). The central role of BiP as the sensor for the regulation of UPR target genes (Patil and Walter,
2001). ER stress-induced transcription becomes muchof ER stress is not unanticipated. Induction of BiP,
GRP94, and CHOP in response to ER stress was re- more complex in mammals. In addition to ATF6, two
other bZIP transcription factors, XBP1 and ATF4, areduced in cell lines engineered to overexpress BiP
(Dorner et al., 1992; Wang et al., 1996). The three ER also involved in the induction of mammalian ER stress-
regulated genes (Harding et al., 2000; Lee et al., 2002;stress transducers that are regulated by BiP, ATF6, IRE1,
and PERK all have ER luminal sensor and cytosolic ef- Yoshida et al., 2001). ATF6 appears to play an essential
role in ER chaperone induction. For instance, in a cellfector domains. While they play different roles in the
ER stress response by eliciting distinct responses, BiP line lacking S2P, ATF6 failed to be processed to its
active form and BiP induction was completely abolishedbinding and release is a common mechanism for their
regulation. Our findings also suggest that a single ER (Lee et al., 2002; Ye et al., 2000). In contrast, BiP induc-
tion remained intact in IRE1 and PERK null cells, whichchaperone, BiP, controls the expression of most, if not
all, ER stress target genes. In contrast, overexpression are defective for XBP1 and ATF4 activation, respec-
tively, implying that XBP1 and ATF4 are not required forof GRP94, another ER chaperone, had no effect on ATF6
activation. This provides an explanation for the previous ER chaperone induction (Harding et al., 2000; Lee et al.,
2002). BiP induction, however, was reduced in PERKobservation that the overexpression of other ER chaper-
ones or folding enzymes did not attenuate the ER stress null cells such that PERK and ATF4 may still contribute
to BiP induction (Harding et al., 2000). To date, the onlyresponse (Dorner et al., 1990).
A similar autoregulatory mechanism has been pro- ER stress-responsive gene known to be under ATF4
regulation is CHOP, a transcription factor implicated inposed for the regulation of heat shock proteins (HSPs),
the cytoplasmic homologs of ER chaperones. It has stress-induced cell death, and the downstream targets
of XBP1 have not yet been identified (Harding et al.,been suggested that eukaryotic heat shock transcription
factors (HSFs) exist in their inert monomeric forms 2000; Ma and Hendershot, 2001; Zinszner et al., 1998).
Though XBP1 is dispensable for ER chaperone inductionthrough transient interaction with chaperones such as
HSP70 and HSP90. Loss of HSP binding upon stress under experimental conditions, it seems crucial for the
differentiation of hepatocytes and plasma cells, both ofallows HSFs to undergo trimerization, nuclear entry, and
binding to the promoter of HSPs (Morimoto, 1998; Zou which secrete large amounts of proteins (Reimold et al.,
2001). The differentiation of B cells into plasma cellset al., 1998). Therefore, our findings suggest that cellular
chaperones in both the ER and cytoplasm are controlled involves a 5-fold expansion of the ER to accommodate
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at 400
 magnification with appropriate filters for fluorescence de-the high level of immunoglobulin secretion (Wiest et al.,
tection.1990). Therefore, at least some components of the ER
stress response seem physiologically important in ad-
Immunoprecipitation and Immunoblottingjusting the ER protein-folding capacity by controlling ER
Cells were rinsed once in ice-cold PBS and then lysed in 1% Triton
stress target gene expression. As suggested by Mori X-100 IP buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 1% Triton
and colleagues, different levels of ER stress may differ- X-100, 10% glycerol, 1 mM EDTA, and a protease inhibitor cocktail).
entially activate ATF6, XBP1, or ATF4 such that an ap- After rotating for 1 hr at 4C, the extracts were cleared by centrifuga-
tion at 13,000 g for 10 min at 4C. 3xFLAG-ATF6, HA-ATF6, or BiPpropriate combination of genes are activated depending
were immunoprecipitated by anti-FLAG M2 antibodies (1:200), anti-upon the folding requirements of a particular cell type
HA monoclonal antibodies (1:200), or rat monoclonal anti-BiP anti-or state (Yoshida et al., 2001). In addition, these factors
bodies (1:100), respectively, plus 20 l of 50% protein A Sepharose
may combinatorially activate the same genes, resulting in IP buffer. Immunoprecipitates were washed three times with IP
in stronger control of the ER stress response. More buffer and the proteins were resolved on SDS-PAGE. The proteins
precise experimental systems are needed to determine were then transferred to nitrocellulose membranes and probed with
primary and horseradish peroxidase-conjugated secondary anti-which conditions lead to the activation of these path-
bodies. The following dilutions of primary antibodies were used forways and how these pathways are coordinated to obtain
immunoblotting: anti-BiP (1:250), anti-HA (1:1000), and anti-FLAGa full ER stress response.
M2 (1:1000). The blots were visualized with ECL plus reagents. For
ATF6 cleavage assays, HeLa cells expressing 3xFLAG-tagged ATF6Experimental Procedures
and its derivatives were either left untreated or treated with 5 mM
DTT for the indicated times and lysed in SDS loading buffer (2%Materials and Constructs
SDS, 60 mM Tris-HCl [pH 6.8], 10% glycerol, 0.001% bromophenolBrefeldin A, bafilomycin A1, thapsigargin, protease inhibitor cocktail
blue, and 0.33% -mercaptoethanol). Proteins were separated onfor mammalian cells, anti-FLAG M2 antibody, horseradish peroxi-
SDS-PAGE and probed with anti-FLAG M2 antibodies as describeddase-conjugated goat anti-mouse, and anti-rat IgG sera were ob-
above.tained from Sigma. Protein A Sepharose and ECL plus reagents
were from Amersham Biosciences. Endoglycosidase H (endo H)
Metabolic Labelingand peptide-N-glycosidase F (PNGase F) were from New England
HeLa cells grown on 60 mm plates were rinsed twice with PBS 24Biolabs. O-glycosidase and neuraminidase were from Roche.
hr after transfection and then incubated in methionine/cysteine-Mouse monoclonal anti-HA antibody was from Covance. FITC-con-
free medium (ICN) for 30 min, and pulsed-labeled with 200 Ci/mljugated anti-mouse IgG serum was from Pierce, and mouse mono-
[35S]methionine/cysteine (ICN) for 30 min. Cell were rinsed with ice-clonal anti-KDEL antibody was from Stressgen. Rat monoclonal anti-
cold PBS and lysed in 1% Triton X-100 IP buffer. 3xFLAG-taggedBiP antibody was previously described (Bole et al., 1986).
proteins were immunoprecipitated with anti-FLAG M2 antibodiesThe cDNA for ATF6 (Zhu et al., 1997), LZIP, and their derivatives
(1:200) plus protein A Sepharose. Protein complexes were resolvedwere cloned into the p3xFLAG-CMV7.1 vector (Sigma) to generate
on SDS-PAGE and observed by autoradiography.constructs encoding fusion proteins with three tandem copies of
the FLAG epitope at their NH2 termini. A plasmid encoding IRE1
with a 3xFLAG tag at its COOH terminus was constructed by in- Glycerol Gradient Sedimentation
serting human IRE1 cDNA into the p3xFLAG-CMV14 vector Glycerol gradient sedimentation was carried out as described (Ber-
(Sigma). Human BiP and canine GRP94 cDNAs were cloned into the tolotti et al., 2000). Transfected HeLa cells grown on 10 cm plates
pcDNA3 expression vector. pCGN-S2P, which encodes HA-tagged were lysed in 1% Triton X-100 IP buffer. Extracts were centrifuged
human site-2 protease (S2P), was obtained by inserting S2P cDNA through 20%–40% glycerol gradients and fractions were collected
into the pCGN vector (Tanaka and Herr, 1990). All these expression from the top. Aliquots of each fraction were subjected to SDS-PAGE
constructs are under the control of a CMV promoter. Point mutations and immunoblotting with anti-FLAG M2 antibodies.
were made using a QuickChange site-directed mutagenesis kit
(Stratagene). BiP (clone id: 3845810) and S2P (clone id: 3881297) Acknowledgments
cDNA plasmids were IMAGE EST clones. cDNAs for IRE1, LZIP,
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HeLa and NIH3T3 cells were grown in Dulbecco’s modified Eagle’s
Received: April 18, 2002medium (DMEM) supplemented with 10% newborn calf serum (NCS)
Revised: May 24, 2002at 37C in a 5% CO2 incubator. An NIH3T3 cell line stably expressing
HA-tagged ATF6 was previously described (Chen et al., 2002). HeLa
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